The somatodendritic release of dopamine within the ventral tegmental area (VTA) and substantia nigra pars compacta activates inhibitory postsynaptic D2-receptors on dopaminergic neurons. The proposed mechanisms that regulate this form of transmission differ between electrochemical studies using rats and guinea pigs and electrophysiological studies using mice. This study examines the release and resulting dopamine D2-autoreceptor-mediated IPSCs (D2-IPSCs) in the VTA of mouse, rat, and guinea pig. Robust D2-IPSCs were observed in all recordings from neurons in slices taken from mouse, whereas D2-IPSCs in rat and guinea pig were observed less frequently and were significantly smaller in amplitude. In slices taken from guinea pig, dopamine release was more persistent under conditions of reduced extracellular calcium. The decline in the concentration of dopamine was also prolonged and not as sensitive to inhibition of reuptake by cocaine. This resulted in an increased duration of D2-IPSCs in the guinea pig. Therefore, unlike the mouse or the rat, the time course of dopamine in the extracellular space of the guinea pig determined the duration the D2-IPSC. Functionally, differences in D2-IPSCs resulted in inhibition of dopamine neuron firing only in slices from mouse. The results suggest that the mechanisms and functional consequences of somatodendritic dopamine transmission in the VTA vary among species. This highlights the complexity that underlies dopamine-dependent transmission in one brain area. Differences in somatodendritic transmission would be expected in vivo to affect the downstream activity of the mesocorticolimbic dopamine system and subsequent terminal release.
Introduction
Midbrain dopamine neurons play an essential role in goalorientated motor and cognitive functions that include planning and initiating movements, and encoding the associations between rewards and salient environmental stimuli (Wise, 2004; Schultz, 2007) . Disruptions in the mesocorticolimbic dopamine system may contribute to such psychiatric disorders as schizophrenia, attention-deficit and hyperactivity disorder, and drug addiction (Madras et al., 2005; Meisenzahl et al., 2007; Volkow et al., 2009) . Dopamine release in terminal regions is facilitated in vivo during bursts of activity driven by the appearance of unexpected rewards or by cues predicting rewards (Phillips et al., 2003; Tobler et al., 2005; Bromberg-Martin and Hikosaka, 2009 ). Dopamine neuron firing, in addition to driving axonal release, also drives the local release of dopamine from somatodendritic terminals in the midbrain (Geffen et al., 1976; Wilson et al., 1977; Cheramy et al., 1981; Groves and Linder, 1983; Rice et al., 1994; Nirenberg et al., 1996; Jaffe et al., 1998; Beckstead et al., 2004) . Somatodendritic dopamine release in both the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) activates D2-autoreceptors on postsynaptic dopamine neurons, leading to an inhibition via the activation of G-protein-coupled inwardly rectifying potassium (GIRK) channels (Lacey et al., 1987) . Local release of dopamine in the VTA is therefore a form of feedback or lateral inhibition that can regulate dopamine neuron activity.
Somatodendritic release has often been examined using electrochemical or dialysis techniques to measure the bulk concentration of dopamine released into the extracellular space. Using these techniques in the rat and guinea pig, somatodendritic release has been found to differ from axonal release in several ways, including a prolonged duration lasting several seconds and a weak dependence upon extracellular calcium entry Rice et al., 1997; Hoffman and Gerhardt, 1999; Chen and Rice, 2001; Chen et al., 2011) . In contrast, when measured using electrophysiology in the mouse, somatodendritic transmission in the VTA is short in duration and exhibits a steep dependence upon calcium entry (Beckstead et al., 2004; Ford et al., 2007 Ford et al., , 2010 . Differences in release could lead to differential activation of postsynaptic D2-receptors during somatodendritic transmission. Because D2-autoreceptors regulate dopaminergic excitability (Beckstead et al., 2004) and terminal release (Benoit-Marand et al., 2001; Phillips et al., 2002; Schmitz et al., 2002) , alterations in the strength of somatodendritic transmission may have functional consequences for downstream dopamine neuron activity. Underlying this fact is recent work showing that D2-autoreceptor dysfunctions disrupt several dopamine-dependent behaviors, including locomotor activity, impulsivity, and motivation for rewards, in both mice and humans (Buckholtz et al., 2010; Bello et al., 2011) .
To examine how differences in somatodendritic release regulate VTA neuron activity, the present study examined dopamine transmission in brain slices from the mouse, rat, and guinea pig. Using a combination of electrochemical and electrophysiological techniques, the results indicate that release across species varied dramatically in calcium dependence, strength, and time course. The functional consequences of these differences were apparent in the ability of phasic somatodendritic release to regulate dopamine neuron firing in the VTA.
Materials and Methods
Slice preparation and solutions. All procedures were in accordance with guidelines of the Institutional Animal Care and Use Committee at Case Western Reserve University. Following anesthesia, horizontal midbrain slices containing the VTA (220 m) or coronal forebrain slices containing the dorsal striatum (240 m) were made from 3-5-week-old male and female C57BL6 mice (Jackson Laboratories), Sprague Dawley rats (Charles River), or Hartley guinea pigs (Charles River). Brain slices were cut in ice-cold sucrose cutting solution containing the following (in mM): 75 NaCl, 2.5 KCl, 6 MgCl 2 , 0.1 CaCl 2 , 1.2 NaH 2 PO 4 , 25 NaHC0 3 , 2.5 D-glucose, and 50 sucrose; bubbled with 95% O 2 and 5% CO 2 . For 45 min before recording, slices were incubated postcutting at 35°C in oxygenated 95% O 2 and 5% CO 2 ACSF solution containing the following (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 2.5 CaCl 2 , 1.2 NaH 2 PO 4 , 21.4 NaHCO 3 , and 11.1 mM D-glucose. During incubation, 10 M MK-801 was included to reduce excitotoxicity and increase slice viability. Following incubation, slices were placed in a recording chamber and constantly perfused with warm ACSF (34 Ϯ 2°C) containing 100 M picrotoxin, 10 M DNQX, and 200 nM CGP 55845 [(2S-3-([(15)-1-(3,4-dichlorophenyl) ethyl] amino-2-hydroxypropyl)(phenylmethyl)phosphinic acid] at 2 ml/ min. For experiments testing the calcium dependence of dopamine release, the reduced Ca 2ϩ was substituted for an equal molar amount of Mg 2ϩ to maintain a constant divalent cation concentration (3.7 mM). Dopamine neurons were visualized with a BXWI51 microscope (Olympus) with infrared custom-built gradient contrast optics. The VTA was defined as the area within and medial to the fibers of the medial lemniscus (Ford et al., 2006 (Ford et al., , 2007 . Because dopamine neurons projecting to the prefrontal cortex are insensitive to the inhibitory actions of dopamine due to a low expression of D2-receptors and GIRK channels (Chiodo et al., 1984 , Lammel et al., 2008 , we avoided recording from dopamine neurons in the most medial portions of the VTA.
Electrophysiology. Whole-cell current-clamp or voltage-clamp recordings were made from VTA dopamine neurons using an Axopatch 200B amplifier (Molecular Devices). Patch pipettes (1.5-2 M⍀) were pulled from borosilicate glass (World Precision Instruments). The intracellular pipette solution contained 115 mM K-methylsulphate, 20 mM NaCl, 1.5 mM MgCl 2 , 10 mM HEPES(K), 10 mM BAPTA-tetrapotassium, 1 mg/ml ATP, 0.1 mg/ml GTP, and 1.5 mg/ml phosphocreatine, pH 7.4, 275 mOsm. Data were acquired using an ITC-18 interface (Instrutech) and Axograph X (Axograph Scientific) at 10 kHz and filtered to 2 KHz for voltage-clamp recordings. For voltage-clamp experiments, neurons were held at Ϫ60 mV. Series resistance was not compensated and cells were discarded if the access resistance exceeded 15 M⍀. Action potentials were recorded in current-clamp mode at a membrane potential set with constant current injection to ensure tonic pacemaker firing. VTA dopamine neurons were identified by the presence of a D2-receptor-sensitive dopamine conductance, pacemaker firing (0.5-5 Hz), an h-current, an input resistance of Ͻ300 M⍀, and an input capacitance of Ͼ25 pF (Ford et al., 2006; Chieng et al., 2011) . To pharmacologically isolate evoked D2-receptormediated GIRK currents, 100 M picrotoxin, 10 M DNQX, and 200 nM CGP 55845 were added to the ACSF solution. The high concentration (10 mM) of BAPTA in the pipette solution and MK-801 in the incubation solution were used to block mGluR signaling and NMDA receptors. The D2-receptor antagonist sulpiride (200 nM) was used to confirm that dopamine currents were mediated through the D2 receptor.
Dopamine release was elicited with an ACSF-filled extracellular glass monopolar stimulating electrode placed ϳ50 -100 m from the neuron recorded. A train of stimuli (5 pulses, 0.6 ms, 40 Hz, 40 -60 A) was used to evoke release. All drugs except dopamine were applied by bath perfusion. Dopamine was applied by iontophoresis. Dopamine (1 M) was ejected as a cation (160 nA) for 1 s using an Ion-100 Iontophoresis Generator (Dagan) from thin-walled iontophoretic electrodes placed ϳ10 m from the cell. A retention current of 3-20 nA was applied to prevent the leakage of dopamine.
Electrochemistry. Fast-scan cyclic voltammetry (FSCV) recordings were made with glass-encased carbon fiber electrodes as previously described (Ford et al., 2009 ) using custom-built hardware (Electronics and Materials Engineering Shop, University of Washington, Seattle, WA) and software (Tarheel CV, Labview). Carbon fibers (34-700; 7 m diameter; Goodfellow) were cut to a final length of 50 -100 m. Once cut, the tip was placed in isopropanol with activated carbon for 10 min before use. The exposed tip of the electrode was placed in the VTA ϳ50 m below the surface of the slice. A triangular waveform from Ϫ0.4 V to ϩ1.3 V versus Ag/AgCl at changing voltage of 400 V/s at 10 Hz was used for all recordings. Between scans, the electrode was maintained at Ϫ0.4 V (vs Ag/AgCl). Background-subtracted cyclic voltammogram currents were obtained by subtracting the average of 10 cyclic voltammograms obtained before stimulation. The time course of dopamine release was obtained by plotting the current at the peak of oxidation (0.6 -0.7 V) against time. The chemical identity of the FSCV recordings was examined by comparing cyclic voltammograms produced from the evoked release of dopamine to voltammograms produced by the exogenous iontophoretic application of dopamine hydrochloride (1 M) or serotonin hydrochloride (0.5 M). The peak reduction values of evoked voltammograms (Ϫ0.2 to Ϫ0.3 V) were similar across VTA of mice, rats, and guinea pigs (p Ͼ 0.7, one-way ANOVA) and were similar to the peak reduction value produced by exogenous dopamine (p Ͼ 0.5, one-way ANOVA) but not serotonin ( p Ͻ 0.0001, one-way ANOVA), indicating that serotonin release did not contribute significantly to FSCV signals in the VTA. Currents were calibrated against dopamine standards ranging from 0.1 to 10 M.
Because serotonergic terminals are also present in the SNc and the release of serotonin contributes to the FSCV signal detected in the SNc John et al., 2006; Ford et al., 2010) , only the VTA was examined in the present study. This prevented the release of serotonin from axon terminals from interfering with FSCV measurements of dopamine release.
Chemicals. Picrotoxin, DNQX, and MK-801 were from Ascent Scientific. CGP 55845 and S-(-)-sulpiride were from Tocris Bioscience. K-methylsulphate was from Acros Organics. BAPTA was from Invitrogen. Cocaine hydrochloride was from the National Institute of Drug Abuse. All other chemicals were from Sigma-Aldrich.
Statistics and analysis. All data are shown as mean Ϯ SE (SEM). Statistical significance ( p Ͻ 0.05) was assessed by a one-way ANOVA or a Student's unpaired t test unless as noted (InStat 3.0, Graphpad). If ANOVA showed statistical significance ( p Ͻ 0.05), all pairwise post hoc analysis stated was performed using a Tukey's post hoc test. Decay kinetics of D2-autoreceptor-mediated IPSCs (D2-IPSCs) and extracellular dopamine transients were fit with a single or double exponential using a Simplex algorithm optimized by the sum of squared errors in Axograph X (Axograph Scientific).
Results
The kinetics of dopamine release and transmission in the VTA Carbon fiber electrodes were used with FSCV to compare the kinetics and the amount of dopamine released in VTA brain slices from the mouse, rat, and guinea pig. A train of five stimuli (40 Hz) evoked a rapid increase in the concentration of dopamine in the extracellular space ([DA] o ). Nearly twice as much dopamine could be detected within the VTA of the mouse (145 Ϯ 15 nM, n ϭ 11) and guinea pig (153 Ϯ 18 nM, n ϭ 11) as in the VTA of the rat (86 Ϯ 8 nM, n ϭ 10, p Ͻ 0.05 vs mouse; p Ͻ 0.01 vs rat) (Fig. 1 A) . Despite the range in [DA] o that was evoked, the rise time and time to peak of the dopamine transients were similar among rats, mice, and guinea pigs (time-to-peak mouse: 536 Ϯ 74 ms, n ϭ 11; rat: 570 Ϯ 73, n ϭ 10; guinea pig: 545 Ϯ 67 ms, n ϭ 11; p Ͼ 0.9, one-way ANOVA) (Fig. 1 A) . Following release, however, the [DA] o remained elevated for longer in the guinea pig VTA than in the mouse or rat VTA. The [DA] o had a decay of 2.3 Ϯ 0.2 s (n ϭ 11) in the guinea pig VTA, which was slower than in the VTA of the rat (1.3 Ϯ 0.2 s, n ϭ 10) or mouse (1.4 Ϯ 0.2 s, n ϭ 11; p Ͻ 0.001) (Fig. 1 B) . Thus, despite a similarity in the rate of release, the amount and duration over which dopamine was present in the extracellular space varied between species with the concentration of dopamine being elevated for the longest in the VTA of the guinea pig.
The extended extracellular presence of dopamine has often been implicated to indicate that dopamine is not constrained within the synapse following release. This has led to the hypothesis that spillover of dopamine or volume transmission may play a major role in shaping the time course of somatodendritic signaling. However, this may not be the case in the VTA of the mouse because the time course of the dopamine transient underlying somatodendritic transmission may be brief (Ford et al., 2009) . As the amount and duration of dopamine released into the extracellular space varied between species, we next examined what effect this difference in [DA] o had on synaptic transmission. Whole-cell recordings were made from VTA dopamine neurons in brain slices from mice, rats, and guinea pigs. Dopamine D2-IPSCs were evoked by stimulating somatodendritic dopamine release (train of 5 pulses at 40 Hz) from adjacent presynaptic dopamine neurons with an extracellular stimulating electrode placed in the VTA. Only dopamine neurons in the central and lateral portions of the VTA were recorded because these neurons do not project to the prefrontal cortex and are known to exhibit autoreceptor-mediated inhibitory responses (Ford et al., 2006; Lammel et al., 2008) . Robust D2-IPSCs were observed in all experiments from mouse VTA slices (n ϭ 38). D2-IPSCs in slices from rat and guinea pig, in contrast, were smaller and observed less frequently (Fig. 1 D) . The average amplitude of D2-IPSCs in mouse dopamine cells was 115 Ϯ 9 pA (n ϭ 38) (Fig. 1D) . The amplitude of the synaptic currents in rat VTA neurons was less than a fifth of that seen in the mouse (24 Ϯ 2 pA, n ϭ 26, p Ͻ 0.001). Surprisingly, the high [DA] o that could be detected in the guinea pig VTA did not reliably produce D2-IPSCs. IPSCs were observed in only 23 of 48 neurons (Fig. 1D ) despite the exogenous application of dopamine evoking a D2-receptor-mediated outward current in all cells examined. Of the D2-IPSCs recorded, the amplitude was also small relative to those in the mouse (24 Ϯ 3 pA, n ϭ 23, p Ͻ 0.001) (Fig. 1C,D) . Thus between species, the [DA] o detected by FSCV did not correlate with the amplitude of D2-IPSCs.
Despite the variation in amplitude, the time course of D2-IPSCs was remarkably similar between the rat and mouse (Fig.  1 E) . In agreement with previous results, D2-IPSCs from the [DA] o by a train of stimuli (5 pulses, 0.5 ms, 40 Hz) in the mouse (black, n ϭ 11), rat (blue, n ϭ 10), and guinea pig (red, n ϭ 11). Stimulation evoked less dopamine release in the rat than in the guinea pig or mouse. B, Summary data illustrating that the decay time constants for the [DA] o was longer in the guinea pig VTA than in the rat or mouse VTA. C, Representative traces of D2-IPSCs evoked by a train of stimuli (5 pulses, 0.5 ms, 40 Hz) in the mouse (black), rat (blue), and guinea pig (red). Synaptic currents were larger in amplitude in the mouse VTA than in the guinea pig or rat VTA. D, Summary distribution of D2-IPSC amplitude of all neurons recorded in the VTA of the mouse, rat, and guinea pig. Numbers in parenthesis refer to the proportion of neurons recorded in the VTA of each species that expressed a measurable D2-IPSC. Large filled circle illustrates the average synaptic currents of responding neurons. E, Normalized D2-IPSCs illustrated in D. D2-IPSCs have been scaled to the peak of their amplitude. D2-IPSCs from the mouse and rat exhibited similar kinetics while D2-IPSCs in the guinea pig had a slower rise time, time to peak, and time of decay. F, Summary data illustrating the slower time constant of decay of D2-IPSCs from the guinea pig (n ϭ 23) than from the mouse (n ϭ 37) or rat (n ϭ 26). **p Ͻ 0.01; ***p Ͻ 0.001. mouse VTA peaked in 362 Ϯ 7 ms (n ϭ 38) (Fig. 1 E) (Ford et al., 2009 ). D2-IPSCs from the rat had similar rise times to those in mice (time to peak: 349 Ϯ 9 ms, n ϭ 26, p Ͼ 0.2) (Fig. 1 E) . The time constant of decay was also similar between D2-IPSCs from rat and mouse VTA cells (mouse: decay ϭ 327 Ϯ 14 ms, n ϭ 37; rat: decay ϭ 396 Ϯ 21 ms, n ϭ 26; p Ͼ 0.05 one-way ANOVA) (Fig. 1 F) . These results indicate that, while large differences occur in the amount of dopamine released and in the amplitude of D2-IPSCs between rats and mice, the mechanisms controlling the time course of transmission are similar; in both species, the duration of D2-receptor activation appears to be tightly regulated. The reduction in both the [DA] o and amplitude of D2-IPSCs in the rat compared with that in the mouse may result from a difference in the number of release sites and/or points of synaptic contact in the rat.
D2-IPSCs in guinea pig VTA dopamine neurons were slower. The time to peak was 547 Ϯ 22 ms (n ϭ 23; p Ͻ 0.001) (Fig. 1 E) . Likewise the decay of D2-IPSCs was slower in dopamine cells from the guinea pig VTA than in dopamine cells from rat or mouse (889 Ϯ 73 ms; n ϭ 22; p Ͻ 0.0001). Thus, when scaled to their peak amplitude, D2-IPSCs from guinea pig VTA neurons did not overlap with those in rat and mouse dopamine cells (Fig. 1 E) . These results suggest dopamine is more loosely regulated within guinea pig VTA somatodendritic synapses than within rat and mouse VTA somatodendritic synapses. These observations are consistent with the idea that the extent of transmitter spillover or volume transmission varies widely at different somatodendritic synapses among species. The difference in time course in D2-IPSCs may result from postsynaptic differences between guinea pigs and rats and mice. This possibility is unlikely, however, because the dopamine transient measured electrochemically was also prolonged in the guinea pig VTA relative to that in the rat VTA and the mouse VTA (Fig. 1 A, B) .
Calcium dependence of dopamine release in the VTA and striatum Somatodendritic dopamine release in the guinea pig persists under conditions where extracellular calcium is reduced (Rice et al., 1997; Chen and Rice, 2001; Chen et al., 2011) . Because dopamine transmission in the mouse is inhibited in low extracellular calcium (Ford et al., 2010) , we next asked whether lowering calcium would similarly affect somatodendritic release in the guinea pig, rat, and mouse. Dopamine release in both the mouse and rat VTA was strongly inhibited in 0.5 mM extracellular calcium. Lowering the extracellular calcium concentration ([Ca 2ϩ ] o ) from control values (2.5 mM) to 0.5 mM led to an inhibition of 91 Ϯ 4% (n ϭ 7) and 94 Ϯ 2% (n ϭ 11) of [DA] o and D2-IPSCs respectively in the mouse VTA (Fig. 2 A, D) . The inhibition was similar to that observed in the mouse SNc (percentage inhibition D2-IPSC: 91 Ϯ 2%, n ϭ 7; p Ͼ 0.2; data not shown). Lowering [Ca 2ϩ ] o to 0.5 mM led to a similar reduction of 90 Ϯ 3% (n ϭ 10) and 94 Ϯ 2% (n ϭ 11) of [DA] o and D2-IPSCs in the rat VTA (Fig. 2 B, D) . Thus, dopamine release in the rat and mouse midbrain exhibits a strong dependence on extracellular calcium.
In the guinea pig VTA, a significant amount of extracellular dopamine remained when calcium levels were lowered (Fig.  2C,D mM [Ca 2ϩ ] o , D2-IPSCs were reduced by 83 Ϯ 3% of control levels (n ϭ 9) ( p Ͻ 0.01) (Fig. 2C,D) . These results support previous findings that somatodendritic dopamine release in the guinea pig shows weak dependence on extracellular calcium (Chen et al., 2011) . The calcium dependence of somatodendritic release of dopamine therefore also varies between guinea pigs and other species.
Recurrent axon collaterals are also present within the VTA (Deutch et al., 1988; Bayer and Pickel, 1990) . These terminals may also contribute to dopamine release in the VTA (Chen et al., 2011) . We next compared release in the VTA to release in the dorsal striatum, where release is purely axonal. Lowering [Ca 2ϩ ] o to 0.5 mM reduced the amount of dopamine detected in the striatum by 95 Ϯ 1% (n ϭ 5, Fig. 2 D) in the mouse and likewise by 98 Ϯ 4% (n ϭ 5, Fig. 2 D) in the rat, indicating that, in the rat and mouse, dopamine exhibits a strong dependence on [Ca 2ϩ ] o at both axonal and dendritic release sites. In the guinea pig striatum, dopamine release was also strongly reduced in 0.5 mM [Ca 2ϩ ] o (96 Ϯ 4%, n ϭ 5, Fig.  2 D) . Thus, the weak dependence of dopamine release on extracellular calcium entry was selective for only somatodendritic terminals of the guinea pig.
Dopamine D2-autoreceptor currents vary among species
The variation in D2-IPSCs among species and the lack of correlation with the measured [DA] o may reflect differences in D2-receptor/GIRK channel density, D2-receptor signaling efficiency, and/or the concentration of dopamine at postsynaptic D2-receptors. To examine these possibilities, we first examined D2-receptor-mediated outward potassium currents evoked by the exogenous iontophoretic application of dopamine. Application of a saturating concentration of dopamine by iontophoresis evoked a maximal outward current of 309 Ϯ 26 pA in mouse VTA cells (n ϭ 22), which was greater than the outward currents observed in rat (221 Ϯ 18 pA, n ϭ 18) or guinea pig dopamine neurons (143 Ϯ 12, n ϭ 46; p Ͻ 0.05) (Fig. 3A) . Likewise, a similar difference among species was present when cell size was taken into account by normalizing the outward currents to the input capacitance (mouse: 7 Ϯ 0.6 pA/pF, n ϭ 22; rat: 5.3 Ϯ 0.4 pA/pF, n ϭ 18; guinea pig: 3.7 Ϯ 0.3 pA/pF, n ϭ 46; p Ͻ 0.05, Fig.  3B ). Thus, D2-receptor-mediated GIRK-mediated currents are largest in mouse VTA dopamine cells and smaller in rat and guinea pig neurons. Different levels of receptor expression among species (Werkman et al., 2011) may explain why the density of D2-receptors in the midbrain is greater in the mouse than in the rat or guinea pig (Camps et al., 1990) . Dopamine transporter regulation of extracellular dopamine in the VTA Dopamine transporters regulate the amplitude and duration of D2-IPSCs following evoked release. Blocking transporters enhances spillover and prolongs the time course of transmission (Isaacson et al., 1993; Beckstead et al., 2004; Christie and Jahr, 2006; Ford et al., 2009) . Because the duration of [DA] o and D2-IPSCs were longer in the guinea pig VTA than in the VTA of rats or mice (Fig. 1 A, C) , we next asked whether transport function differed within the VTA. Blocking dopamine reuptake with the monoamine transport blocker cocaine (1 M) led to a similar increase in the amount and duration of [DA] o within the VTA of all species. Cocaine (1 M) increased the peak [DA] o detected by 225 Ϯ 19% (n ϭ 6) in the mouse, by 227 Ϯ 32% in the rat (n ϭ 6), and by 171 Ϯ 8% (n ϭ 4) in the guinea pig ( p Ͼ 0.2; one-way ANOVA). Blocking reuptake, however, increased the amplitude of D2-IPSCs in the rat and mouse VTA more than in the guinea pig VTA. Cocaine (1 M) enhanced the peak of the D2-IPSC in the mouse and rat by 264 Ϯ 31% (n ϭ 7) and 336 Ϯ 29% (n ϭ 8), respectively, which was greater than the increase in the D2-IPSCs in guinea pig (167 Ϯ 9%; n ϭ 7; p Ͻ 0.05) (Fig. 4 A, B) . The smaller effect on D2-IPSCs from the guinea pig suggests that dopamine transporters are less effective in regulating the time course of dopamine at somatodendritic synapses in guinea pig VTA dopamine neurons than in the VTA dopamine neurons of rat or mouse. These observations indicate that D2-autoreceptormediated transmission varies in both strength and transporterdependent regulation among species.
Extent of somatodendritic dopamine transmission correlates with evoked pauses in pacemaker firing
We next asked what functional consequences somatodendritic dopamine transmission would have on the firing patterns of dopamine neurons. Evoked somatodendritic release was hypothesized to have the greatest effect on mouse dopaminergic activity and less of an effect on firing in guinea pig or rat neurons. Initially, the predicted change in voltage in VTA dopamine neurons was calculated based upon the observed amplitude of D2-IPSCs from all cells recorded (including failures) and the species-specific cellular input resistance of VTA dopamine neurons (V D2-IPSP ϭ I D2-IPSC ϫ R input ). The estimated hyperpolarization in mouse VTA cells was ϳ14.8 mV (115 pA * 129 M⍀), which was greater than that predicted for rat or guinea pig VTA neurons (rat: ϳ2.1 mV ϭ 21 pA * 101 M⍀; guinea pig: ϳ0.7 mV ϭ 11 pA * 68 M⍀).
To test whether the D2-IPSC could regulate the firing patterns of VTA neurons, whole-cell current-clamp recordings were made from dopamine cells in the mouse, rat, and guinea pig. Dopamine neurons typically fire in vitro in a tonic pacemaker pattern at ϳ1-5 Hz. A train of stimuli, similar to that used to evoke D2-IPSCs (5 pulses at 40 Hz) evoked large hyperpolarizations in mouse VTA dopamine neurons, sufficient to induce a pause in pacemaker firing (Fig. 5A) . The hyperpolarization-induced pause lasted 1.5 Ϯ 0.1 s (n ϭ 18), which was similar to duration of , 1 s) . B, Current density (pA/pF) showing that a maximal application of dopamine evoked the largest currents in the mouse and the smallest currents in the guinea pig. *p Ͻ 0.05; ***p Ͻ 0.001. (Fig. 5A) . The pause in pacemaker firing was blocked by bath application of the D2-receptor antagonist sulpiride (200 nM) (0.5 Ϯ 0.1 s; n ϭ 13) (Fig.  5A) . When normalized to the baseline pacemaker firing frequency of each neuron, stimulation led to a 364 Ϯ 23% inhibition in firing frequency (n ϭ 18). Sulpiride (200 nM) reduced the pause in firing to 134 Ϯ 11% of control levels (n ϭ 13; p Ͻ 0.0001). In contrast, trains of stimuli failed to evoke large dopamine-mediated hyperpolarizations in dopamine cells from rat or guinea pig VTA slices (Fig. 5 B, C) . Thus the stimulationinduced change in firing rate was not different in rat or guinea pig VTA dopamine neurons between control slices and slices treated with sulpiride (200 nM) (rat control: 164 Ϯ 16%, n ϭ 19; sulpiride: 145 Ϯ 11%, n ϭ 12; guinea pig control: 164 Ϯ 22%, n ϭ 18; sulpiride: 177 Ϯ 25%, n ϭ 16%; p Ͼ 0.7; one-way ANOVA) (Fig. 5C ). Together these data suggest that the extent of somatodendritic transmission determines the role that D2-autoreceptors play in regulating the phasic actions of dopamine on VTA pacemaker firing.
D2-IPSCs recorded in voltage-clamp

Discussion
The results show that the mechanisms controlling release, time course, and strength of somatodendritic dopamine transmission vary widely across the VTA of different species. While much of the past work examining somatodendritic release has been done in rats and guinea pigs Rice et al., 1997; Hoffman and Gerhardt, 1999; Chen and Rice, 2001; Chen et al., 2011) , the physiological actions of dopamine as a synaptic transmitter have been examined only in mice (Beckstead et al., 2004; Ford et al., 2009 Ford et al., , 2010 Bello et al., 2011) . In contrast to somatodendritic dopamine transmission in the guinea pig, somatodendritic dopamine transmission in rats and mice exhibited a strong dependence on extracellular calcium. The time course of dopamine within somatodendritic synapses was also more strongly regulated by dopamine transporters in rats and mice than in guinea pigs. This limited dopamine spillover and prevented prolonged activation of postsynaptic D2-receptors. Thus, somatodendritic dopamine transmission in the guinea pig varied from that in other species in time course and the dependence of release on extracellular calcium entry. This work suggests that species-specific differences may account for at least some of the differences in the mechanisms underlying somatodendritic release and transmission reported in previous publications.
Calcium dependence of dopamine release in the VTA Dopamine release from dendritic terminals has often been reported to persist in low extracellular calcium, leading to the conclusion that somatodendritic release exhibits a weak dependence on calcium entry not seen at conventional CNS synapses (Hoffman and Gerhardt, 1999; Chen and Rice, 2001; Fortin et al., 2006; Chen et al., 2011) . Here we found that, in the rat and the mouse, both axonal and dendritic dopamine release showed an equally strong dependence on extracellular calcium. Lowering calcium to 0.5 mM led to a Ն90% reduction in dopamine release in the VTA and dorsal striatum. The VTA contains both axon collaterals and somatodendritic terminals (Deutch et al., 1988; Bayer and Pickel, 1990 ) and the release of dopamine from both sets of terminals can contribute to the total detected increase in [DA] o with FSCV (Ford et al., 2010; Chen et al., 2011) . However, because D2-IPSCs from VTA and SNc dopamine cells are similar in amplitude, kinetics, duration, and pharmacological regulation (Beckstead et al., 2004; Ford et al., 2007 Ford et al., , 2010 , the physiological activation of D2-receptors during phasic release may occur primarily at somatodendritic synapses. Like the reduction in the [DA] o , D2-IPSCs in the VTA were also similarly reduced by Ͼ90% in the presence of 0.5 mM calcium in rats and mice. Thus, whether measured electrochemically or electrophysiologically, somatodendritic dopamine release in both the rat and mouse shows a strong dependence on calcium entry from the extracellular space.
Dopamine transmission in the VTA of the guinea pig, however, showed a marked difference in regulation. As previously reported, lowering extracellular calcium (0.5 mM) did not inhibit dopamine release to the same extent in the VTA compared with the striatum (Chen et al., 2011) . In 0.5 mM extracellular calcium, ϳ30% of total dopamine release remained in the VTA. Likewise, D2-IPSCs in VTA dopamine neurons from the guinea pig were also less sensitive to reductions in extracellular calcium. Because dopamine neurons of the guinea pig do not express many of the vesicular fusion release proteins commonly expressed at fast synapses (Witkovsky et al., 2009) , the results suggest that dopamine transmission in the guinea pig may occur via a different set of mechanisms than at other central synapses.
Time course of transmission
The duration of synaptic transmission is dependent upon both the concentration time course of neurotransmitter and the kinetics of the neurotransmitter-receptor interactions (Katz and Miledi, 1973; Lester et al., 1990; Barbour et al., 1994) . Many G-protein-coupled receptors that mediate slow metabotropic transmission, such as GABA B receptors, are located at extrasynaptic sites and are activated by transmitter spillover away from the synaptic cleft (Otis and Mody, 1992; Isaacson et al., 1993; Scanziani, 2000; Kulik et al., 2002; Beenhakker and Huguenard, 2010) . The long-lasting presence of dopamine detected in the extracellular space of rats and guinea pigs has often thus been interpreted to indicate that dopamine transmission also occurs by a paracrine spillover-type mechanism (volume transmission). In the mouse VTA, somatodendritic dopamine transmission is thought to be mediated by a high concentration of dopamine that activates a pool of receptors located within 1 m from the site of release (Ford et al., 2009) . Somatodendritic dopamine transmission may therefore be more localized than previously assumed. Dopamine D2-IPSCs were significantly larger in the mouse than in the rat. The iontophoresis of exogenous dopamine evoked smaller maximal outward currents in rat dopamine cells, suggesting that D2-receptor/GIRK channel density, number of release sites, and/or the number of points of synaptic contact may be reduced in the rat compared with the mouse. However, despite the smaller amplitude, the kinetics and duration of synaptic transmission were similar. Because the concentration of dopamine determines the rate of activation of the GIRK conductance (Ford et al., 2009) , the similarity in the rate of rise of D2-IPSCs and time to peak of synaptic currents suggests that, during transmission, D2-autoreceptors are exposed to similar concentrations of dopamine in both the rat and mouse. Dopamine D2-IPSCs were significantly slower in the guinea pig. In guinea pig dopamine cells, IPSCs had a slower rise time, time to peak, and decay kinetics than either the rat or mouse. Because blocking dopamine reuptake with cocaine had a limited effect on the amplitude of D2-IPSCs in the guinea pig, the reuptake of dopamine in the VTA of the guinea pig may be less efficient. The slow kinetics of D2-IPSCs in the guinea pig most likely results from this decreased rate of dopamine uptake. The effect of this in the guinea pig would be an increase in dopamine spillover to extrasynaptic sites and a prolonged activation of postsynaptic receptors.
Functional implications
The functional consequence of D2-IPSCs in dopamine cells from the VTA of the mouse was a pause in pacemaker firing. In rats and guinea pigs, electrical stimulation often led to slower firing. However, the effect was not altered in the presence of the D2-receptor antagonist, sulpiride. Multiple metabotropic neurotransmitter receptors, including GABA B , mGluR, and ␣1-noradrenergic receptors, inhibit dopamine cells (Fiorillo and Williams, 1998; Paladini and Tepper, 1999; Morikawa et al., 2003; Paladini and Williams, 2004; Morikawa and Paladini, 2011) . The pause was unlikely to be mediated by GABA B and mGluR receptors because receptor signaling was prevented by antagonists (CGP 55845) or blockers of the receptor-effector signaling cascade (BAPTA), suggesting that activation or inactivation of other conductances may have been engaged as a result of the train of stimuli. This species difference in ability of D2 autoreceptors to induce a pause in firing may result from a higher level of expression of D2 receptors in the mouse than in either the rat or guinea pig (Camps et al., 1990; Werkman et al., 2011) . Lower coupling efficiency or GIRK channel expression in rats or guinea pigs may also have contributed to the observed differences. However, this possibility seems less likely because robust GABA B -mediated synaptic potentials that couple via GIRK channels have been reported previously in guinea pig dopamine neurons (Cameron and Williams, 1993; Bonci and Williams, 1996) .
The activation of D2 autoreceptors has long been known to regulate dopaminergic neuron firing (Aghajanian and Bunney, 1977 ). The present results indicate that strong activation of these receptors during robust somatodendritic synaptic events can be an efficient form of lateral inhibition that regu- Figure 5 . Evoking D2-IPSCs does not induce a pause in the firing of VTA dopamine neurons from the rat or guinea pig. A, Voltage-clamp recording of a D2-IPSC (top trace) from a mouse VTA dopamine neuron and current-clamp recordings of tonic pacemaker firing of the same neuron (lower traces). The time course of the evoked D2-IPSCs was similar to that of the evoked hyperpolarization and the pause in firing when recorded in current clamp. The D2-receptor antagonist, sulpiride (200 nM), blocks the evoked pause in firing, suggesting that D2-receptor activation during phasic release underlies the pause in firing. B, C, Current-clamp recordings of tonic pacemaker firing of rat and guinea pig VTA dopamine neurons under control conditions and in the presence of sulpiride (200 nM). Stimulation does not induce an extended pause in firing. Sulpiride does not change the firing rate following stimulation, suggesting that D2-receptor activation by evoked release in the rat and guinea pig is not sufficient to induce a phasic pause in firing. D, Summary data of the above conditions. Data are illustrated as the time from the start of stimulation to the first action potential following the stimulation as a percentage of the average interspike interval recorded from each cell during 3 s of baseline tonic firing. ***p Ͻ 0.001.
lates the firing patterns of VTA dopamine neurons. The species-dependent variations in the strength of D2-IPSCs that we observed would therefore be expected to differentially control the firing pattern of dopamine neurons in vivo and subsequently the forebrain terminal release of dopamine during behaviorally relevant tasks. Because multiple mechanisms can underlie dopamine transmission, subtle alterations in any of these mechanisms would be expected to have significant effects on the efficiency of transmission. Recent work in humans has shown that reduced midbrain D2-autoreceptor levels correlated with highly impulsive individuals (Buckholtz et al., 2010) . Disruptions in somatodendritic transmission may therefore lead to widespread dysfunctions in this system at the behavioral and clinical level. Differences in this system highlight the need to consider species-specific aspects of dopamine signaling in the future when assessing the preclinical efficacy of pharmacological treatments for a variety of psychiatric diseases.
